This paper presents the results of the experiments undertaken to evaluate various physical and mechanical properties of hemp fibres. The study of these properties is vital for comparison with similar properties of synthetic fibres and for assessing hemp fibres' suitability for use as reinforcement in composite materials. The properties of hemp fibres were found to be good enough to be used as reinforcement in composite materials. However, the issues of relatively high moisture content of fibres, variability in fibre properties, and relatively poor fibre/matrix interfacial strength were identified as factors that can reduce the efficiency with which these fibres can be utilised.
Introduction
Hemp fibres are finding increasing use as reinforcements in composite materials, often replacing glass fibres. Found in the bast of hemp plant, these fibres have specific strength and stiffness that are comparable to those of glass fibres. The physical and mechanical properties of these fibres are still being explored.
One of these properties is the thermal degradation at elevated temperatures. Natural fibres are heterogeneous mixtures of organic materials and heat treatment at elevated temperatures can result in a variety of physical and chemical changes. The physical changes are related to enthalpy, weight, colour, strength, crystallinity, and orientation of microfibril angle [1] . The chemical changes relate to the decomposition of various chemical constituents. The decomposition onset temperature is different for different natural fibres. Thermogravimetric analysis (TGA) of jute fibres shows that they start degrading at 240 ∘ C [2] . For flax fibres, it has been shown [3] that degradation starts at just above 160 ∘ C. It has been shown [1] that thermal degradation of natural fibres generally occurs in two stages: one at 220-280 ∘ C temperature range and the other at 280-300 ∘ C range. The first range is associated with degradation of hemicellulose, whereas the second range is associated with degradation of cellulose and lignin. For hemp fibres, Prasad et al. [4] have shown that heating the fibres between 160 ∘ C and 260 ∘ C results in softening of lignin leading to opening of fibre bundles into individual fibres. The effect was more pronounced for fibres heated in air than for those in inert (nitrogen) environment.
The thermal degradation of natural fibres results in change in odour and colour and deterioration in mechanical properties of natural fibres. Sridhar et al. [5] reported 60% reduction in tensile strength of jute fibres heated under vacuum at 300 ∘ C for two hours. Gonzalez and Myers [6] reported deterioration in mechanical properties of wood flour exposed to temperature range of 220 to 260 ∘ C for up to 68 hours. In another study, the strengths of flax and ramie fibres were found to decrease by up to 41% and 26%, respectively, following heat treatment, depending on the temperature applied [7] . Wielage et al. [3] reported the tensile strength of flax fibres to decrease gradually following exposure to high temperatures for one hour. From 700 MPa for no heat treatment, the strength was reported to decrease to 530 MPa at 180 ∘ C, 380 MPa at 200 ∘ C, and 270 MPa at 220 ∘ C.
Attempts have been made to improve the thermal stability of natural fibres by grafting the fibres with monomers. Acrylonitrile has been successfully used in improving the thermal stability of jute [8] and sisal [9] fibres.
An important property of natural fibres is their tensile behaviour. Tensile properties of most of the natural fibres are now well documented. Perhaps the most extensive study on tensile properties of hemp fibres has been undertaken by Prasad and Sain [10] who used hemp fibres of varying diameters, starting from 4 m up to 800 m, for tensile testing. The tensile properties were found to be clearly dependent on the diameters of the fibres, decreasing gradually with increase in fibre diameter. This is consistent with the general observation, also applicable to synthetic fibres, that as the fibre diameter decreases, the amount of flaws in the fibres also decreases, thus resulting in increase in tensile properties of fibres. Fibres of diameter 4 m had mean tensile strength and modulus values of 4200 and 180 GPa, respectively. These values decreased to 250 MPa and 11 GPa, respectively, for fibres of diameter 66 m. For the fibres of diameter 800 m, the values were as low as 10 MPa for tensile strength and 2 GPa for tensile modulus.
Another important property to be evaluated is the surface energy of hemp fibres which is directly linked with the fibre/matrix interfacial bonding. Surface energy of a solid or liquid is a manifestation of unbalanced molecular forces at the surface [11] . Because of this imbalance, they possess additional energy at the surface. In liquids this excess energy tends to reduce the surface area to a minimum, resulting in surface tension. In solids, due to the lack of mobility at the surface, this energy is not directly observable and must be measured by indirect methods. These methods involve exposing the solid to various liquids, whose surface tensions are known, and measuring the contact angle.
Over the years, various techniques have been developed to determine the surface energies and wettability of fibres. These include sessile drop, capillary rise in a power bed or fibre assemblies, air-pressure techniques, Wilhelmy plate, sedimentation volume film rotation, inverse gas chromatography, and vapour probe techniques [12] . Wilhelmy technique has been widely used in the determination of surface energy of natural fibres and this technique has been used in this study for determining the surface energy of hemp fibres.
Wilhelmy related the downward force exerted on a vertical plate when it is brought into contact with a liquid to the contact angle between them. This method has obvious limitations for use with natural fibres because of their rough, heterogeneous, nonuniform, and absorbent surfaces. However, at the moment, this is the best method available for determining the surface energy of natural fibres.
Interfacial shear strength gives a measure of the strength of fibre/matrix bonding. Interfacial bonding is of particular concern in natural fibre composites. Natural fibre surfaces are irregular which should theoretically enhance the fibrematrix interfacial bonding. However, this is offset by chemical incompatibility between the fibre and polymer matrix. The fibres have outer waxy layer, typically 3-5 m thick, of fatty acids which are long chain aliphatic compounds not compatible with common resins such as polyester. Natural fibres are polar in nature which also makes them incompatible with inherently nonpolar polymer matrices. This issue may be overcome by exposing the fibre surface to physical and chemical treatments to make them more compatible with polymer matrices.
In order to get a measure of the strength of fibre/matrix interfacial bonding, standard tests have been devised. Four methods are generally used for measuring the interfacial strength [13] : pull-out, microtension, microcompression, and fragmentation. The pull-out method has been found to be the best from the point of view of understanding how the interface affects composite properties and this method has been used in determining the interfacial shear strength of hemp fibres in polyester resin in this study.
Materials and Methods
Nonwoven randomly oriented short hemp fibre mat, provided by JB Plant Fibres Ltd., UK, was used. Figure 1 shows a closeup of the hemp fibre mat used.
Heat Treatment.
Hemp fibre mats of size 250 mm × 200 mm were heat treated in oven for 30 minutes. Three different temperatures were used: 100 ∘ C, 150 ∘ C, and 200 ∘ C. A treatment time of 30 minutes was selected because it was sufficient to remove most of the moisture from the fibres. Also keeping the fibres in an oven for longer periods of time may not be economically viable in a commercial operation.
Surface Energy.
For determining the surface properties (surface energy and dynamic contact angle) of hemp fibres, a KSV Sigma 700 Tensiometer was used. It is a modular high performance computer-controlled tensiometer which can be used for the measurement of various surface properties. The machine used Win Sigma software for recording and analysing the data.
For measuring the contact, angle two liquids, one polar and one nonpolar, with known surface tension have to be used. For this experiment hexane and water were used. A sample of hemp fibre approximately 20 mm long was cut and hung on the balance hook of the machine by using a tape such that the fibre was perpendicular to the surface of the liquid. The vessel containing the test liquid was placed on the stage. The fibre was immersed in the liquid for a depth of up to 10 mm and taken out. As the fibre was immersed, the software recorded the force during advancing and the receding parts of the cycle. The fibre movement speed was 5 mm/min. The data for the first 1 mm of immersion was ignored. As the test progressed, the software measured the force per wetted length ( / ) and force per unit wetted length minus buoyancy correction ( / − ) where buoyancy B was calculated by using volume of the fibre immersed and the liquid density. The equation for measuring contact angle is given by
where is the surface tension of the liquid and P is the perimeter of the fibre. The test was repeated for both hexane and water.
Since hexane is a nonpolar liquid, its contact angle gave the dispersive component of the surface energy of the hemp fibre by the following equation:
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where is the surface energy of water and is the contact angle of water. Every term in this equation is known except polar component of surface energy of hemp fibre, , which can then be calculated. The total surface energy of hemp fibre is then the sum of dispersive and polar components of surface energy.
Thermal Characterisation.
Thermal characterisation of hemp fibres was carried out by using a PerkinElmer Simultaneous Thermal Analyser 6000. The machine gave simultaneous measurement and analysis of weight change and heat flow with the increase in temperature. The machine used "Pyris" software for recording and analysing the data. Nitrogen gas was used as inert atmosphere. Hemp fibres of weight approximately 12 mg were placed in the sample holder and the machine was started. The temperature was increased at a rate of 10 ∘ C per minute. The flow rate of nitrogen gas was 20 mL per minute. As the temperature increased the software recorded the changes in weight and heat flow in hemp fibres. The test was stopped at a temperature of 450 ∘ C.
Tensile Properties.
The tensile testing of single hemp fibres was carried out as per ASTM D3379-75, standard tensile test method for tensile properties for high modulus single filament materials. Hemp strands were taken from different parts of the mat and elementary hemp fibres were separated from the strand by hands. The fibres were mounted on paper cards of dimensions 45 mm × 20 mm. Holes of diameter 11 mm were punched in the centre of the cards and the fibres were mounted on the cards by gluing with epoxy adhesive. Care was taken to mount the fibres in the exact centre of the holes. It was also made sure that each card contained only one fibre. Mounted fibres were inspected in a Reichert Jung MeF3 optical microscope with an Olympus E330 camera attached. Average widths of the fibres were measured by means of a calibrated eyepiece. Five different readings of fibre width were taken along the length of the fibre and their mean value was used in the calculation of tensile properties.
Mounted fibres were placed in the grips of an Instron 1162 tensile testing machine. A load cell of 50 N was used to measure the force. The supporting sides of the cards were cut by a scissor just before the start of the test and the test was performed at a rate of 0.5 mm/min. Since it was not possible to use an extensometer for measuring the strain in the fibres, the fibre extension was measured from the displacement of testing machine crosshead. Average tensile properties were calculated using the results of at least 20 fibres.
Interfacial Shear Strength of Hemp/Polyester.
Interfacial shear strength testing of hemp fibres in polyester resin was evaluated by single fibre pull-out test using an Instron 1162 testing machine. The method was similar to that used for determining the tensile properties, except that for mounting the fibres on cards, one side of the fibres was fixed by using epoxy and a blob of polyester resin was dropped on the other side of the fibre. After fibre pulled out of the polyester resin, the embedded length was measured by using the travelling microscope. The interfacial shear strength was then determined by using the formula
where is the interfacial shear strength, F is the force at pullout, D is the mean width of fibres, and is the embedded length of fibres. The failure rate of the fibres by breaking rather than pulling out of the resin was high. Czigány et al. [14] have pointed out the inherent drawback of using this method for natural fibres. Since the resin drop is placed on the fibre without any pressure, the resin enters the voids in the elementary fibres to a smaller extent than when the resin impregnates the fibres in compression moulding pressure. The irregular cross section of the fibres is also expected to affect the calculation of shear strength.
Results and Discussion

Thermal Properties.
Hemp fibres, like all natural fibres, contain moisture because one of their primary functions is to transport moisture and nutrients to different parts of the plant. The purpose of this part of the study was to determine the weight loss behaviour of hemp fibres when kept in a desiccator and when exposed to elevated temperature and thus to determine the equilibrium moisture content of the fibres.
Weight Loss in a Desiccator.
The weight loss behaviour of hemp fibres in a desiccator was observed by keeping a sample of hemp fibres, cut out from hemp fibre mat conditioned at 23 ∘ C and 50% relative humidity (RH), in the desiccator containing the desiccant copper sulphate and recording weight changes with the passage of time. The results are shown in Figure 2 . The weight loss is quite rapid initially as the moisture in the fibres is absorbed by the desiccant but starts to stabilise after about 1500 minutes as the amount of moisture in the fibres starts to decrease. The fibres lost almost 4% of their original weight after being kept for 7200 minute (approximately five days) in the desiccator. From the graph, the fibres do not seem to have lost all of their moisture and they can be exposed to elevated temperatures to determine the weight loss behaviour and equilibrium moisture content in the fibres.
Elevated Temperature Weight Loss.
The elevated temperature weight loss behaviour of hemp fibres was observed by keeping them in an oven at constant temperatures and recording their weight loss at different intervals of time. Four different samples of hemp fibre, each conditioned at 23 ∘ C and 50% RH, were kept in the oven at constant temperatures of 50 ∘ C, 100 ∘ C, 150 ∘ C, and 200 ∘ C, and their weight loss behaviour against time was recorded. The results are shown in Figures 3-6 .
For the fibres kept at 50 ∘ C, the moisture loss is much more rapid than that in a desiccator. As shown in Figure 3 , the moisture loss at 50 ∘ C starts to stabilise after about 200 minutes, when the fibres have lost almost 4% of the moisture, as the amount of moisture in the fibres starts to decrease. After about 1500 minutes of exposure (approximately one day), the fibres have lost almost 4.5% of their original weight. The graph shows that exposing hemp fibres to 50 ∘ C does not seem to result in complete removal of moisture after 1500 minutes of exposure. So the next stage was to expose the fibres to higher temperatures to determine the equilibrium moisture content in them.
The comparison of weight retention behaviour of hemp fibres exposed to 100 ∘ C and 150 ∘ C is shown in Figure 4 . Exposing the hemp fibres to higher temperatures results in increase in the amount and rate of weight loss. It is clear that the fibres have lost most of their equilibrium moisture content within 30 minutes of exposure at 100 ∘ C and 150 ∘ C. The amount of moisture lost stabilised to an equilibrium value that was different for both temperatures. The fibres exposed to 100 ∘ C lost about 8.3% of their initial weight after 300 minutes of exposure, whereas the fibres exposed to 150 ∘ C lost about 10.2% of their initial weight after 300 minutes of exposure.
A similar loss in moisture was reported by Gassan and Bledzki [15] for jute fibres dried in vacuum furnace. The fibres lost about 8% of moisture within the first 45 minutes of exposure at 100 ∘ C. The loss of moisture stabilised thereafter and remained constant at around 9% for exposure of up to 240 minutes.
The weight loss behaviour of hemp fibres exposed to 200 ∘ C is shown in Figure 5 . The behaviour of hemp fibres exposed to 200 ∘ C is significantly different because between 150 ∘ C and 200 ∘ C thermal degradation of hemp fibres starts which involves physical and chemical changes within the fibres. It has been shown [4] that heating hemp fibres above 160 ∘ C results in softening of lignin, the binding material in the fibres. Therefore, the weight loss at this temperature is a combination of the weight loss of moisture plus weight loss due to thermal degradation. The thermal degradation of fibres was evidenced in release of soot and blackening of the colour of hemp fibres due to oxidation. The fibres lost almost 13% of their initial weight after 180 minutes of exposure at 200 ∘ C. The continual decrease in residual weight shows that although the fibres have lost almost all of their moisture, they continue losing weight due to thermal degradation of the fibres. Then a new experiment was set up whereby a hemp fibre sample, conditioned at 23 ∘ C and 50% RH, was kept in the furnace at increasing temperatures, starting at 40 ∘ C up to 140 ∘ C (in 10 ∘ C intervals) for a dwell time of one hour and the weight change in the sample was recorded. The dwell time of one hour was chosen because, as shown in Figures 3 and  4 , the fibres were close to their equilibrium weight after heat treatment of about one hour at a particular temperature. The resulting graph is shown in Figure 6 .
The graph shows that keeping the hemp fibres at increased temperatures for one hour each results in gradual moisture loss of fibres. At 140 ∘ C, the fibres have lost almost all (9%) of their initial moisture which is consistent with the previous results.
These results showed that the hemp fibres had equilibrium moisture content of about 10% when kept at standard conditions of 23 ∘ C and 50% RH. This is consistent with the amount of equilibrium moisture content in hemp fibres reported by other authors [16, 17] . Hemp fibres begin to degrade thermally between temperature range of 150-200 ∘ C. Therefore, any heat treatment of these fibres should be restricted to about 150 ∘ C. 
Thermal Degradation at Elevated Temperatures.
Thermogravimetric analysis is being increasingly used to understand thermal behaviour of natural fibres because it gives an accurate measure of thermal stability of natural fibres. Figure 7 shows the weight loss and differential weight loss curves for hemp fibres with the increase in temperature. It shows that thermal degradation of hemp fibres starts at around 150-200 ∘ C and becomes rapid at around 250 ∘ C. In their studies on thermal degradation of hemp fibres, Backermann and Pickering [18] reported the degradation onset temperature to be 205 ∘ C. On the derivative weight loss curve, the main peak occurred at around 360 ∘ C which can be associated with the degradation of cellulose. This was also confirmed in the heat flow curves shown in Figure 8 . Figure 8 shows heat flow and derivative heat flow curves of hemp fibres with increase in temperature. The derivative heat flow curve shows an initial peak at about 50 ∘ C which corresponds to mass loss of moisture. The second peak at about 270 ∘ C may be attributed to the decomposition of hemicellulose or pectin. The third peak at about 360 ∘ C may be attributed to cellulose decomposition and it again corresponds well with the peak in derivative weight loss curve in Figure 7 . The small peak at around 400 ∘ C may be attributed to oxidative degradation of charred residue.
From their studies on thermal degradation of hemp fibres, Oujai and Shanks [19] reported the similar four peaks to exist in differential heat flow curves. The temperature corresponding to these four peaks were 50-160, 250-320, 390-400, and 420 ∘ C. From their studies on thermal properties of hemp fibres, Troedec et al. [20] reported the temperature corresponding to degradation of hemicellulose and pectin to be 320-370 ∘ C and for degradation of cellulose to be 390-420 ∘ C.
Tensile Properties.
The determination of tensile properties of hemp fibres is vital because it gives a measure of how much improvement in mechanical properties can be expected when the fibres are incorporated in a polymer matrix. The sensitivity of hemp fibres to moisture content has been underlined in the above experiments. The variation in moisture content can affect the tensile properties of fibres. Therefore, the fibres tested for tensile properties were equilibrated at 23 ∘ C and 50% relative humidity (RH) before the testing.
Evaluation of tensile properties of natural fibres is not straightforward because of the variable crosssection of fibres. Scanning electron microscope image of crosssection of one such fibre used in this study is shown in Figure 9(a) . From the figure, it is clear that what appears as a single fibre to the naked eye is in fact a bundle of fibres, consisting of a number of ultimate fibres or cells, five or six in this case. This arrangement of cells makes the crosssection of fibre bundle more polygonal than circular, also shown in Figure 9 (b). For this particular fibre bundle, the average cross section was found to be 20 m by 80 m. The loose fibres, shown in Figures 9(c) and 9(d), also make it clear that the crosssection of almost all the fibres is polygonal. A similar polygonal cross section has been shown to exist for flax fibres [21] which are also bast fibres like hemp. Therefore, taking the average width of the fibres and using it as average diameter can give erroneous results for evaluation of tensile properties of fibres.
Therefore, two different kinds of dimension measurements were used for calculation of tensile properties. In the first, five different measurements of width were taken along the length of fibre bundle and their average was used, assuming that it approximated the average diameter of the fibre bundle. In the second, the maximum and the minimum values of the width were used, assuming that they approximated the breadth and width of the polygonal crosssection of the fibre bundle. Table 1 shows the results for tensile properties for both kinds of crosssections considered. The mean width of the fibres (circular dimension) was calculated to be 67 ± 26 m. The figures in parentheses are standard deviations. These values are lower than those of glass fibres but still good enough to be used as reinforcement in composite materials. Any section of hemp fibre mat will contain fibre of varying cross section and hence different tensile properties. Some of the lower width fibres are expected to approach the tensile properties of glass fibres, as shown by Prasad and Sain [10] . These values are in good agreement with the values for hemp fibres reported by them at fibre diameter of 66 m and 250 MPa and 11 GPa for tensile strength and tensile modulus, respectively.
The calculations showed that, fortunately, the difference in properties for both types of calculations is only about 10%. It is difficult to say which method is more accurate than the other. The variability in tensile properties is evident from the large values of standard deviation, again something to be expected for natural fibres. The calculation of strain did not take into account the compliance within the machine which tends to overcalculate the strain and hence undercalculate the modulus of the fibres. Silva et al. [22] showed from their studies on tensile testing of sisal fibres that taking machine compliance into consideration results in higher values of tensile modulus than the values calculated without taking machine compliance into account.
Despite the dependence of tensile properties on the width of the fibres, most of the authors fail to mention the width at which the fibre tensile properties were calculated. Also, most of the authors cite fibre diameter as the principal dimension, although what they actually mean is fibre width.
The dependence of fibre strength on fibre width was observed for fibres used for tensile testing in this study as shown in Figure 10 . Fibre strength is inversely related to fibre width, showing that as the fibre width, and hence the number of flaws in the fibre, increases, fibre strength decreases.
The typical stress-strain curve of hemp fibre in tensile testing is shown in Figure 11 . The curve was found to be almost linear during the whole test. Pickering et al. [23] have reported considerable variation in stress-strain curves for hemp fibres in tensile testing, with some of the fibres showing strain hardening and plastic flow as well as linear elastic behaviour. In this research all the fibres tested showed approximately linear elastic behaviour.
Surface Energy.
A total of five fibres were used for evaluation of surface energy. For comparison, surface energy of chopped strand mat (CSM) glass fibres was also evaluated. Table 2 gives the surface energy of fibres in terms of their polar and dispersive components. The figures in parentheses are standard deviations.
The surface energy of hemp fibres is quite similar to that of unsaturated polyester resin, 35 mJ/m 2 [24] . The value of surface energy of hemp fibres is similar to the one reported by other researchers. Baltazar-y-Jimenez and Bismarck [25] determined surface tension of hemp fibre to be 31 mJ/m 2 . Gulati and Sain [26] of flax and glass fibres. The maximum surface energy for flax fibre was found to be 36 mJ/m 2 . The maximum value of surface energy for glass fibres was found to be 41.64 mJ/m 2 . Good fibre/matrix interfacial bonding is favoured when the fibre surface energy greatly exceeds the matrix surface fibres. This polar nature will also be an impediment in good interfacial bonding with a nonpolar polymer matrix. The quantitative measure of fibre/matrix interfacial bonding is the interfacial shear strength which was evaluated next.
Interfacial Shear Strength of Hemp
Polyester. Interfacial shear strength (IFSS) is another important measure of the fibre/matrix interfacial bonding. The interfacial shear strength of hemp fibres in unsaturated polyester resin was evaluated in single fibre pull-out test and the results are shown in Table 3 . At least 20 fibres were used for testing and the numbers in parentheses are standard deviations. It has been pointed out [29] that the nonuniform diameter of natural fibres may yield unreliable results for IFSS by using this method, as is evidenced by the large scatter in results (high standard deviations). Therefore, any values obtained by using this method should be seen as an approximate measure of the interfacial shear strength rather than highly accurate values.
This value of interfacial shear strength is consistent with the value reported by other authors for natural fibres in polymer matrix. Czigány et al. [14] determined the interfacial shear strength of hemp fibre (mean diameter 113 m) in polypropylene to be 5.1 ± 1.4 MPa, in biodegradable MaterBi polymer to be 2.9 ± 0.9 MPa, and in biodegradable PuraSorb polymer to be 11.3 ± 3.4 MPa. Baltazar-y-Jimenez et al. [30] reported interfacial shear strength of 8.4 ± 1.8 MPa for hemp fibres in cellulose-acetate-butyrate matrix. Hill and Abdul-Khalil [31] reported interfacial shear strength of 1.39 ± 0.37 MPa for oil palm fibres in polyester resin and 1.48 ± 0.32 MPa for coir fibres in polyester resin. Sanadi et al. [32] reported interfacial shear strength of sunhemp/polyester to be 4.34 MPa.
There is a range of interfacial shear strength values for glass fibres in polyester resin reported in the literature. One study [13] reports IFSS values of 10 and 12 MPa for coated glass fibres in polyester resin. Considering these values, the IFSS of hemp fibres in polyester resin is considerably lower, which is not surprising taking into account their incompatibility with the polymer resins.
Conclusions
Various physical and mechanical properties of hemp fibres were evaluated to assess their suitability for use as reinforcement in composite materials. The moisture content of hemp fibres equilibrated at 23 ∘ C and 50% RH was found to be about 10%. This high moisture content can be a major factor in relatively high void content of the composite made from these fibres. Thermal degradation of hemp fibres started at just above 150 ∘ C. The decomposition of hemicelluloses and pectin occurred at around 260 ∘ C and that of cellulose occurred at around 360 ∘ C. The crosssection of hemp fibres used in this research was found to be more polygonal than circular in shape. The tensile properties of hemp fibres with mean fibre width of 67±26 m were evaluated. The tensile strength was evaluated at 277 ± 191 MPa, tensile modulus at 9.5 ± 5.8 GPa, and strain to failure at 2.3 ± 0.8%. The large scatter in tensile properties underlined the variability in properties of hemp fibres which is one of their main weaknesses compared to synthetic fibres. The tensile properties of hemp fibres were found to be good enough to be used as reinforcement in composite materials.
The surface energy of hemp fibres was evaluated at 32.8 mJ/m 2 , higher than that of glass fibres at 21.5 mJ/m 2 , but lower than that of unsaturated polyester resin reported in the literature. The similarity in surface energies between hemp and polyester was expected to result in relatively poor interfacial bonding between them. This was confirmed in single fibre interfacial shear strength testing between hemp and polyester which was lower than that reported for glass fibre and polyester in the literature.
